Background. Left ventricular sympathetic afferent nerves are located mainly in superficial epicardial layers. Reflex excitatory responses mediated by sympathetic afferent nerves have been observed during myocardial ischemia in cats and humans but not in dogs. Previous canine studies have induced ischemia by occlusion of a coronary artery. Extensive collateral circulation in the canine heart may limit ischemia of epicardial layers during simple coronary occlusion, resulting in little stimulation of sympathetic afferent nerves and minimal reflex excitatory responses.
Methods and Results. In anesthetized dogs with sinoaortic and vagal deafferentation, we determined whether reflex sympathoexcitatory responses mediated by sympathetic afferents occurred during transmural myocardial ischemia. Reflex sympathoexcitation was quantitated by direct recording from either efferent renal (n=20) or cardiac (n=5) sympathetic nerves.
Responses of arterial pressure and efferent sympathetic nerve activity were measured during simple occlusion of the anterior descending artery (LAD alone) and during LAD occlusion with a circumflex stenosis (LAD+CIRC). This circumflex stenosis was adjusted to abolish coronary vasodilator reserve without reducing basal flow. We observed significantly greater reflex increases in renal (32±5%) and cardiac (58±15%) nerve activity during LADI+CIRC than during LAD alone (14±6% and 8±7%, respectively). Reflex changes in renal nerve activity during LAD+CIRC were abolished by interruption of cardiac sympathetic afferent pathways (n=5). In eight experiments, myocardial blood flow was measured during the two coronary occlusions. These experiments confirmed that LAD+CIRC elicited more transmural ischemia in the IAD distribution than did LAD alone. However, these experiments also revealed that LAD+CIRC elicited endocardial ischemia in the circumflex distribution. In five additional experiments, regional sympathetic deafferentation of the posterior left ventricle by epicardial application of 88% phenol along the atrioventricular groove had no significant effect on renal nerve responses to LAD+CIRC (36±5% increase before phenol versus 31±3% increase after phenol). These results indicate that endocardial ischemia in the circumflex distribution did not contribute to the reflex increases in nerve activity that were noted during LAD+CIRC.
Conclusions. Reflex sympathoexcitation mediated by cardiac sympathetic afferents can be elicited in dogs. However, these responses are significant only during ischemia that is transmural and involves the superficial epicardial layers of the left ventricle. (Circulation 1991; 84:357-367) eflex sympathoexcitatory responses are eliccentral nervous system with the sympathetic nerves R ited by coronary occlusion and myocardial (sympathetic afferents). In humans, excitatory reischemia in cats.1-4 These responses are the sponses characterized by hypertension and tachycarresult of activation of sensory endings in the ischemic dia frequently are associated with myocardial ischleft ventricle, whose afferent fibers travel to the emia involving the anterior wall of the left ventricle.5
These excitatory responses may also represent the reflex effects of cardiac sympathetic afferent activation. In contrast, coronary occlusion in dogs with sinoaortic baroreceptor denervation evokes cardioinhibitory, vasodepressor, and sympathoinhibitory re- sponses.67 These inhibitory responses are abolished by vagotomy. After vagotomy, no significant reflex excitatory responses are observed during coronary occlusion.67 This lack of an excitatory response during ischemia is surprising, since activation of sympathetic afferents by direct epicardial application of bradykinin results in hypertension, tachycardia, and sympathoexcitation.8 Recent studies9-11 suggest that left ventricular sympathetic afferent fibers are located mainly in the superficial epicardial layers and that vagal afferent fibers are located in the deeper endocardial layers. Because of extensive collateral circulation in the canine heart, simple occlusion of a coronary artery may result in ischemia involving mainly the endocardium. The epicardial layers may receive sufficient blood flow by collateral vessels to prevent or limit ischemia. As a result, there may be minimal stimulation of sympathetic afferents located in these superficial epicardial layers. Thus, it is possible that the failure to evoke reflex excitatory responses during simple coronary occlusion in dogs is merely the result of a failure to provide an adequate stimulus to sympathetic afferent endings due to their location in relation to the ischemic myocardium.
The purpose of our study was to determine whether reflex sympathoexcitatory responses mediated by cardiac sympathetic afferents are greater during transmural ischemia than during subendocardial or nontransmural ischemia.
Methods
Experiments were performed in anesthetized, mechanically ventilated dogs with cervical vagotomy and sinoaortic denervation. The dogs were anesthetized with thiamylal sodium (15 mg/kg i.v.) followed by a-chloralose (80 mg/kg i.v.). Additional doses of a-chloralose (10 mg/kg i.v.) were administered hourly. The dogs were ventilated with a mixture of oxygen and room air. Arterial blood gases were determined at intervals, and either the respirator settings were adjusted or sodium bicarbonate was administered to maintain pH between 7.35 and 7.45. Arterial and venous cannulas were placed in the femoral vessels, and arterial pressure was monitored continuously during the protocol. In 10 experiments, a cannula was positioned in the left atrium for continuous monitoring of left atrial pressure. Body temperature was maintained by external warming. During the recording of nerve activity, muscular movement was eliminated with pancuronium bromide (2 mg i.v.). Surgical Preparation A midline cervical incision was made to expose the carotid arteries and cervical vagi bilaterally. The vagal cardiopulmonary receptors and the aortic arch baroreceptors were denervated by sectioning the cervical vagi. The carotid baroreceptors were denervated by ligating and sectioning all of the structures that course between the internal and external carotid arteries. Carotid sinus denervation was confirmed by assessment of nerve traffic and arterial pressure changes during bilateral carotid occlusion. Previous studies12-14 indicate that bilateral cervical vagotomy acutely abolishes aortic arch reflexes.
An incision was then made in the fifth left intercostal space to expose the heart. A small opening was made in the pericardium. The proximal segment of the left anterior descending coronary artery was carefully isolated, and a snare occluder was placed around the vessel. Then the proximal left circumflex coronary artery was isolated, and a hydraulic occluder and Doppler velocity transducer were placed on this vessel. Care was taken to keep the epicardial surface moist with warm saline. Epicardial temperature was monitored, and external warming was used to maintain the temperature between 36°C and 38°C.
Nerve Recordings
Activity was recorded from either renal or cardiac efferent sympathetic nerves. An incision was made in the left flank to expose the left renal artery. A small branch of the renal sympathetic nerves was dissected free from the renal artery and the surrounding connective tissue. The nerve was sectioned, and the nerve sheath was removed. The nerve was immersed in mineral oil and placed on bipolar platinum-iridium electrodes for the recording of action potentials as previously described in detail.6 In brief, the signal was amplified by a band-pass amplifier (model P511, Grass Instrument Co., Quincy, Mass.) with highfrequency cutoff set at 1,000-3,000 Hz and lowfrequency filter at 30-100 Hz. The output of this amplifier was fed into an audio amplifier and a spike counter, which counted and integrated all nerve spike activity whose amplitude exceeded a preselected voltage level (just above noise). The ventrolateral cardiac sympathetic nerve was identified adjacent to the left thoracic vagus and was dissected free from surrounding connective tissue. This particular nerve was selected because it has been shown to contain mainly efferent sympathetic nerve fibers rather than sensory fibers. 15 The nerve was cut distally and placed on a dissecting stage in a mineral oil pool. The nerve sheath was removed, and the nerve was placed on hook electrodes for action potential recording as described above for the renal nerves.
Experimental Protocols
Measurements of arterial pressure, left atrial pressure (n = 10), and either renal (n=20) or cardiac (n =5) sympathetic nerve activity were made during 2-minute occlusions of the left anterior descending coronary artery (LAD). Coronary occlusion was performed with circumflex flow unimpeded (LAD alone) and in the presence of a stenosis that was applied to the circum-flex coronary artery to limit collateral flow to the anterior descending vascular bed (LAD+ CIRC). The order in which these occlusions were performed was randomized, and 45 minutes was interposed between occlusions for stabilization. The circumflex stenosis was adjusted to abolish coronary vasodilator flow reserve without reducing the basal level of coronary flow. Coronary flow reserve was assessed by measurement of the hyperemic flow velocity responses, which were induced by a 5-second occlusion of the circumflex artery. A separate snare was used to create these temporary occlusions. The circumflex stenosis was tightened until the hyperemic flow velocity response noted on release of the transient circumflex occlusion was eliminated. All adjustments of the stenosis were made before occlusion of the LAD, and adequate time was allowed to insure that circumflex flow was stable.
In five of these experiments, responses during LAD+CIRC were recorded before and after interruption of all cardiac sympathetic afferent fibers. Bilateral cardiac sympathetic deafferentation was performed by removal of both stellate ganglia, by section of the thoracic sympathetic chains caudal to T-4, and by section of the T-1 through T-4 white rami.
In eight separate experiments, the ability of the circumflex stenosis to limit collateral flow and to elicit greater epicardial/transmural anterior ischemia during LAD occlusion was assessed using radiolabeled microspheres to measure myocardial blood flow. Regional blood flow measurements were performed using conventional Blood flow to the entire left ventricle was analyzed. After the dog was killed, the heart was removed and the left ventricle was separated from the atria and right ventricle. The ventricle was divided into five slices of equal thickness from base to apex. Each of these slices then was divided into eight equal pieces using an external reference to guide the first cut. This external reference extended from the bifurcation of the left main coronary artery to the ventricular apex. Finally, all of the ventricular sections were divided into three pieces of equal thickness corresponding to epicardial, midmyocardial, and endocardial layers. All blood and tissue samples were weighed and placed in counting vials for assay of radioactivity using a gamma counter (Compugamma 1282, Pharmacia LKB Nuclear Inc., Gaithersburg, Md.). All counts were corrected for background and overlapping activity. Myocardial blood flow was calculated using the formula Qm=(CmxQx)/Cr, where Qm is myocardial blood flow (ml/min), Cm is corrected counts per minute in the tissue sample, Qx is the withdrawal rate of the arterial reference sample, and Cr is the corrected counts per minute in the reference sample. Myocardial blood flow was then divided by the weight of the corresponding tissue sample to obtain flow per gram of tissue.
Because these blood flow studies revealed that ischemia of the posterior endocardial layers was elicited by LAD+CIRC, an additional set of experiments (n=5) was performed to assess whether this posterior endocardial ischemia was contributing to the reflex nerve traffic changes that were observed during this experimental maneuver. In these experiments, renal nerve responses during LAD+CIRC were recorded before and after regional sympathetic denervation of the posterior left ventricle by application of 88% phenol solution along the left atrioventricular groove. Denervation was considered to be adequate when the reflex increases in renal nerve activity, which were induced by application of bradykinin to the posterior epicardial surface, were abolished. The doses of bradykinin used to assess the adequacy of denervation ranged from 50 to 200 jig.
This method has been shown in a previous study9 to interrupt afferents that originate from both the endocardium and epicardium.
Data Analysis
Arterial pressure, left atrial pressure (n = 10), phasic and mean circumflex blood flow velocity, raw nerve activity, and integrated nerve activity were recorded continuously on an electrostatic recorder (model ES 1000, Gould, Cleveland, Ohio). In each experiment, measurements of mean arterial pressure and sympathetic nerve activity (impulses/sec) were made at baseline before coronary occlusion and during each 30-second period of the 2-minute coronary occlusion. Figure 1 illustrates the effects of LAD occlusion with and without a circumflex stenosis on mean arterial pressure and renal sympathetic nerve activity (n = 20 dogs). During LAD alone, there were small increases in renal nerve activity. During LAD+CIRC, a greater degree of sympathoexcitation was observed. Statistical analysis indicated that the addition of a circumflex stenosis during LAD occlusion elicited significantly greater increases in renal nerve activity than did LAD alone. There were no significant differences in the baseline level of nerve activity measured immediately before each coronary occlusion (LAD alone, 83 + 9.8 impulses/sec; LAD +CIRC, 105 + 10.3 impulses/sec; p=0. 14).
Decreases in mean arterial pressure were observed during both coronary occlusions. The fall in arterial pressure was significantly greater during LAD+CIRC, probably reflecting a greater degree of mechanical ventricular dysfunction during this maneuver.
Since each individual dog reached its maximal change in nerve traffic at different times during the 2-minute occlusions, these maximal changes also were analyzed. The effect of a circumflex stenosis on the reflex increases in nerve activity during LAD occlusion is more striking when these maximal changes are examined (Figure 2 ). During LAD alone, renal nerve activity increased 14+6%. The peak response was noted at an average of 71+7.1 A LAP (mmHg) (Figure 8 ).
In the epicardial layers of the ischemic region, blood flow changes during LAD alone were less pronounced and more variable than in the endocardial layers. The mean flow value for the ischemic Conversely, blood flow in the endocardial layers of the nonischemic region was reduced below baseline levels during LAD+CIRC (75.0±2.0%; p<0.0001, LAD+CIRC versus LAD alone). This experimental maneuver lowered blood flow below 80% of basal values in 88 of 179 "nonischemic" endocardial segments. Twenty-four percent of these 88 segments had mild flow reductions (60-80% of basal values), whereas 20% of these segments had severe flow reductions (520% of basal values). Thus, the circumflex stenosis did have a significant impact on blood flow to endocardial segments that were remote from the segments supplied by the occluded LAD.
Regional Posterior Left Ventricular Denervation
Since posterior endocardial blood flow was reduced during LAD+CIRC, additional experiments were performed to determine whether this posterior endocardial ischemia activated sympathetic afferents and contributed to the reflex increases in renal nerve activity. The results of these experiments are illustrated in Figure 11 . Before treatment with phenol, application of bradykinin to the epicardial surface of the posterior left ventricle elicited large increases in renal nerve activity (89+22%). After application of phenol to the atrioventricular groove, the reflex increases in renal nerve activity during application of bradykinin were abolished (5±6%), indicating successful sympathetic deafferentation of the posterior or nonischemic region. Despite this denervation of the posterior left ventricle, phenol application had no significant effect on the reflex increases in renal nerve activity that occurred during LAD+CIRC (36±5% before phenol versus 31±+3% after phenol). Our results provide direct evidence to support this hypothesis. We have demonstrated that reflex excitatory responses mediated by cardiac receptors with sympathetic afferents can be elicited by myocardial ischemia in the dog with an intact spinal cord. However, these excitatory responses were only apparent when a stenosis was used to limit the ability of the circumflex artery to provide collateral flow to the anterior left ventricle. Myocardial blood flow analysis indicated that flow increased dramatically in the circumflex artery during simple occlusion of the LAD. This increased flow may have provided collateral support that significantly diminished the amount of anterior epicardial ischemia elicited by simple occlusion of the LAD. By limiting this collateral flow, the circumflex stenosis facilitated the production of greater transmural ischemia in the region supplied by the occluded LAD. This greater epicardial ischemia provided a more intense stimulus to sympathetic afferent fibers located in these layers. As a result, a significant reflex response was observed. Based on our results, we would predict that even greater degrees of epicardial ischemia than we were able to achieve in our experiments would give rise to even larger reflex increases in sympathetic nerve activity than we observed. Finally, the reflex excitatory responses observed during transmural anterior ischemia were abolished after bilateral removal of the stellate ganglia and interruption of the first through fourth dorsal white rami. This finding definitively establishes cardiac sympathetic receptors as the origin of these reflexes.
How do our present findings in dogs with the spinal cord intact relate to those previously reported6 in dogs with the cervical spinal cord transected? In the previous studies, sympathoexcitatory responses were observed during simple coronary occlusion only after cord transection. It was suggested that removal of descending inhibitory influences by spinal cord transection "unmasked" reflex excitatory responses mediated by sympathetic afferents. An alternate interpretation is that the extent to which sympathetic afferents are activated by simple coronary occlusion is inadequate to overcome descending inhibitory influences on sympathetic neurons. Creation of transmural ischemia, as was done in the present study, elicited sufficient activation of cardiac sympathetic afferents to overcome descending inhibition. As a result, there was reflex sympathoexcitation even though the spinal cord was intact.
In interpreting our findings, several possible limitations should be considered. We defined an ischemic risk region as the area in which endocardial flow was reduced by 20% during LAD alone. This definition was by no means an arbitrary one. The rationale for this definition was based on previous findings22 in which myocardial blood flow and regional myocardial function were measured during graded coronary occlusions. In these experiments, endocardial wall thickening abnormalities could be detected when endocardial blood flow was reduced to 80% of basal values. The use of this functional parameter facilitated the analysis of our blood flow data. We acknowledge that these parameters may not accurately reflect the extent to which ventricular receptors are activated during myocardial ischemia. The precise degree of blood flow reduction that will elicit chemical activation of ventricular receptors is unknown. Nevertheless, there is evidence to suggest that the metabolic derangements that are associated with myocardial ischemia are linked closely to mechanical alterations. 23 The majority of endocardial segments (133 of 141) in the ischemic region had flow reductions below 60% of basal values during LAD alone. Thus, our conclusions concerning the effect of a circumflex stenosis on the amount of anterior transmural ischemia during LAD occlusion would be unchanged regardless of the method used to define the ischemic risk region.
In several of our experiments, the circumflex stenosis caused significant reductions in blood flow to the endocardial layers of the nonischemic region when the LAD was occluded. It could be suggested that the greater nerve traffic changes that we observed during LAD+CIRC were related to more extensive endocardial rather than epicardial ischemia. We consider this to be unlikely. No reflex sympathoexcitation was apparent after simple occlusion of the LAD or circumflex artery in prior studies6,7 in dogs with vagotomy and sinoaortic denervation. This observation indicates that there is no augmented activation of sympathetic afferents during marked anterior or inferoposterior endocardial ischemia. Since the circumflex artery usually supplies blood flow to a greater portion of the canine left ventricle than does the LAD, this finding also illustrates that the reflex sympathoexcitation is not dependent on the amount of endocardial tissue that is ischemic. Furthermore, the results of our experiments in which we selectively denervated the posterior left ventricle indicate that afferent input from the posterior endocardial layers does not contribute to the reflex sympathoexcitation that was observed during LAD+CIRC. Based on these data, we conclude that the greater reflex responses that we observed during LAD+CIRC are related to the effects of the stenosis on anterior epicardial blood flow rather than on posterior endocardial flow.
We observed reflex increases in the activity of both renal and cardiac efferent sympathetic nerves during transmural myocardial ischemia. This indicates that activation of cardiac sympathetic afferents elicits similar reflex changes in sympathetic outflow to the kidney and the heart. These results are consistent with the results of other studies that have shown similar responses in renal and cardiac sympathetic nerves during activation of vagal cardiopulmonary receptors724 and during unloading of the sinoaortic baroreceptors.25 In our study, reflex changes in cardiac sympathetic nerve activity appeared to be larger than were the changes in renal sympathetic nerve activity. This difference may reflect the additional contribution of the spinal cardiocardiac reflex to reflex effects mediated through higher central nervous system centers. 19 Our findings also may provide insight into the mechanism of sympathetic afferent activation during myocardial ischemia. Cardiac receptors with sympathetic afferents are polymodal and often have both mechanosensitive and chemosensitive properties, in that they are stimulated both by mechanical events in the contracting ventricle and by exposure to a variety of endogenous and exogenous irritant substances.26,27 During myocardial ischemia, there are both alterations in the mechanical function of the ventricle and release of irritant substances such as potassium, hydrogen ions, and bradykinin. Potentially, reflex responses to myocardial ischemia could be mediated by mechanosensitive stimuli, chemosensitive stimuli, or both. In our study, increases in left atrial pressure were significantly greater during LAD + CIRC than during LAD alone. This larger increase in left atrial pressure would provide a more powerful mechanical stimulus to sympathetic afferents and would be expected to elicit a greater reflex response. However, there was no significant correlation between the changes in left atrial pressure and the reflex changes in nerve activity that occurred during coronary occlusion ( Figure 4 ). This lack of correlation suggests that the reflex neural changes were related to factors other than (or in addition to) changes in cardiac filling pressures. On the basis of this observation, we speculate that chemical activation of sympathetic afferent receptors was largely responsible for the reflex excitatory responses that occurred during transmural myocardial ischemia.
We conclude that myocardial ischemia can elicit reflex sympathoexcitatory responses mediated by cardiac sympathetic afferents in dogs with an intact spinal cord. These excitatory responses are apparent mainly during ischemia that is transmural and involves the epicardial layers. These data are consistent with the results of other studies that indicate that ventricular sympathetic afferent fibers are located mainly in superficial epicardial layers. In addition, we speculate that our results can be taken to suggest a potential mechanism for silent myocardial ischemia in humans. Cardiac nociceptors responsible for the perception of angina pectoris are subserved by sympathetic afferent fibers. If these nociceptors are also preferentially distributed to or near the epicardial layers as were the fibers responsible for the reflex excitatory responses that we observed, then nociceptor activation and perception of cardiac pain may be more likely to occur when ischemia is transmural and involves the epicardium. Ischemia that is primarily subendocardial may not activate epicardial receptors with sympathetic afferents and may not be associated with cardiac pain. Although it is likely that there are multiple mechanisms by which ischemia can occur in the absence of anginal pain, we speculate that the preferential distribution of sympathetic afferent fi-bers to the superficial epicardial layers of the left ventricle may contribute to its occurrence.
